Abstract: Retinoic acid (RA) produced a dose-dependent inhibition of PC12 cell growth and the appearance of cell clusters without neurite extension. RA-induced cell clumping was similar to that caused by dexamethasone (Dx). Nerve growth factor (NGF) induced neurite extension, and the combination of RA plus NGF produced a maximal decrease in cell proliferation with a mixed morphology in which part of the cell population had neurites and part formed clumps. Transcriptional effects of RA were demonstrated by the increase in the activity of reporter constructs that contain an RA response element. RA also regulated expression of endogenous genes in P012 cells. The retinoid produced a two-to threefold increase in level of p75 LNGFR mRNA (the low-affinity NGF receptor), without altering expression of the trk protooncogene (the high-affinity NGF receptor carrying tyrosine kinase activity). RA also caused a transient increase in level of tyrosine hydroxylase (TH) mRNA (twofold after 16 h), which returned to basal levels and then decreased relative to basal levels at 48 h. The effect of NGF on the expression of these genes was identical to that produced by RA. However, incubation with Dx did not induce p 75LNGFR mRNA and produced a strong and sustained increase of TH mRNA level (three-to fivefold after 48 h). These results show that, despite the common morphological changes produced by RA and glucocorticoids in P012 cells, the biochemical changes caused by RA are similar to those produced by NGF. Therefore, RA could initiate a biochemical program of neuronal differentiation in P012 cells, although a fully differentiated phenotype with neurite extension is not obtained.
maffin markers as well as morphological changes characterized by cell rounding and formation of cell clusters (Greene and Tischler, 1982; Lewis et al., 1983) . However, on incubation with neurotrophic factors PC12 cells acquire a neuronal phenotype. Nerve growth factor (NGF) is the best-characterized neurotrophic factor(for review, see Levi-Montalcini, 1987) . Ligand activation of the NGF receptor tyrosine kinase, the trk protooncogene Klein et al., 1991) , leads to biochemical and morphological changes characteristic of sympathetic neuronal differentiation, including neurite extension, cessation of cell division, and expression of neuronal-specific genes (for review, see Halegoua et al., 1991) . A low-affinity receptor for NGF,~75LNGFR
which may also play a role in the signal transduction pathway of the factor, is also expressed at high levels in PCI2 cells (Radeke et al., 1987) . In these cells, fibroblast growth factor also triggers growth arrest and neurite outgrowth (Togari et al., 1983) .
Retinoic acid (RA), an endogenous metabolite of vitamin A, is a potent regulator of growth and differentiation of different types of cultured cells. The actions of RA are mediated by nuclear receptors (RARs and RXRs), which belong to the steroid/thyroid hormone receptors superfamily and act as ligand-inducible transcription factors (for a recent review, see Guiguère, 1994) . RA receptors, which show the highest homology with the thyroid hormone and vitamin D3 receptors, are expressed in neural tissues, and there is increasing evidence that RA can play an important role in PCI2 cells, derived from a rat pheochromocytoma (Greene and Tischler, 1976) , are a useful model to study cell differentiation. This cell line has characteristics of precursor cells for both sympathetic neurons and chromaffin cells. Glucocorticoid hormones promote differentiation of PC 12 cells along the chromaffin pathway. Treatment with glucocorticoids induces transcription of tyrosine hydroxylase (TH) and other chro-neural development and affect differentiation of neural crest-derived cells. RA is known to inhibit proliferation and stimulate morphological differentiation in neuroblastoma (Haussler et a!., 1983; Kaplan et al., 1993) and teratocarcinoma (Strickland et al., 1980; JonesVilleneuve et al., 1982) cells. This retinoid has been recently found to increase the expression of low-affinity neurotrophin receptors in PCI2 cells (Scheibe and Wagner, 1992) and to promote neurite outgrowth in mutant cell lines derived from PCI2 cells that are deficient in cyclic AMP-dependent protein kinase (Scheibe et al., 1991) .
In the present study we have examined the effect of RA and other ligands of the nuclear receptor superfamily in PC12 cells. Our data show that RA, but not triiodothyronine (T3) or vitamin D3, blocks proliferation and produces cell clumping. In addition, RA causes a transient expression of the~75 LNGFR and TH genes similar to that observed during NGF-induced neuronal differentiation. Therefore, the RA receptors in combination with neurotrophic receptors could play an important role in the proliferation and fate of the sympathoadrenal precursors of the neural crest.
EXPERIMENTAL PROCEDURES

Cell cultures
PCI2 cells were cultured in RPMI medium containing 10% donor horse serum (Quality Biological, Gaithersburg, MD, U.S.A.) and 5% fetal calf serum (GIBCO, Grand Island, NY, U.S.A.) in collagen-treated plates. The cells were incubated with the different factors at the concentrations and for the times indicated in the figures. The incubations were performed either in high-serum conditions, in the medium indicated above, or in low-serum conditions (medium containing 0.5% of a 2:1 mixture of donor horse serum:fetal calf serum). 7S NGF, dexamethasone (Dx), RA, and T3 were from Sigma (St. Louis, MO, U.S.A.). Basic fibroblast growth factor (bFGF), insulin-like growth factor-I (IGF-I), and epidermal growth factor (EGF) were obtained from Boehringer Mannheim (Mannheim, Germany), and 1,25-dihydroxy-vitamin D3 (VD) was a gift from Hoffmann-La Roche (Basel, Switzerland).
Cell proliferation and morphological differentiation
Cell morphology was assessed by phase-contrast microscopy with an inverted microscope, and pictures were taken with a Nikon-F2 camera at a magnification of 200x. For morphology studies the cells were seeded at an initial density of 10,000 cells per well using 24-well multidishes and treated with the different hormones as indicated in the corresponding figures.
Cell proliferation was assessed by counting the total number of cells or by analysis of [ 3H]thymidine incorporation. In the first case the cells were seeded in 24-well plates. After the different treatments the cells were harvested from the plastic surface, and the number of cells per culture was counted using a hemocytometer. Analysis of I 1H I thymidine incorporation was performed in 96-well plates containing 10,000 cells per plate in 100~il of medium per well. The cells were incubated with the different factors in high-or low-serum conditions as indicated with 0. 
RNA extraction and hybridization
Total RNA was extracted from the cell cultures with guanidine thiocyanate (Chomczynski and Sacchi, 1987) . The RNA was electrophoresed in 1% formaldehyde-agarose gels and transferred to nylon-nitrocellulose membranes (Nytran) for northern blot analysis. The RNA was stained with 0.02% methylene blue. The blots were hybridized with cDNA probes for rat TH (Grima et al., 1985) , p75LNGFR (Radeke et al., 1987 ), or Trk (Loeb et al., 1991 labeled by random oligonucleotide priming. Hybridizations were at 42°C with 50% formamide, and the more stringent wash was at 42°C with 0.lx saline-sodium citrate containing 0.1% sodium dodecyl sulfate. The mRNA levels were quantified by densitometric scanning of the autoradiograms. The values obtained were corrected by the amount of RNA applied in each lane, which was determined by densitometry of the stained membranes.
Reporter plasmids and expression vectors
The plasmid AMTV-TREpAL was constructed (Umesono et al., 1988) by replacing the glucocorticoid-responsive elements present in the mouse mammary tumor virus-long terminal repeat (MMTV-LTR) with an oligonucleotide that encodes the perfect palindromic T3/RA response element (TREPAL) fused to the chloramphenicol acetyltransferase (CAT) gene. The parental construct was used as a glucocorticoid-responsive promoter. The plasmid R140-Luc, which contains 140 bp of the RAR~2promoter ligated to the luciferase gene, has a RA response element (Vivanco-Ruiz et a!., 1991). Oligonucleotides containing direct repeats (DRs) of the consensus sequence AGGTCA separated by four or five nucleotides were cloned upstream of the tk promoter driving the expression of the CAT gene (DR4-tk-CAT and DR5-tk-CAT constructs). DR4 and DR5 elements function as T3 and RA response elements, respectively (Umesono Ct al., 1991) . The expression vectors for the receptors consisting of the RSV promoter ligated to the thyroid hormone receptor (TR) chick c-erbAct (Sap et al., 1986) or the human retinoic acid receptor RARer (Umesono et al., 1988) and the human RXRa (Mangelsdorf et al., 1990) cloned into the expression vector pSG-5, have been described previously.
DNA transfection
For transient expression assays the cells were plated in control; (B) 50 ng/ml of NGF; (C) 100 nM Dx; (D) 50 ng/ml of NGF + 100 nM of Dx; (E) 1 p~MRA;
and (H) 5 nM T3 + 50 ng/ml of NGF.
igof the reporter plasmid and the indicated amounts of the corresponding receptor expression vector. The total amount of DNA was kept constant by addition of an "empty" expression vector. Figure 1 shows the effect of treatment for 5 days with NGF, RA, Dx, and T3 on the morphology of PC12 cells. Control cells are shown in Fig. 1A . As expected, neurite outgrowth was observed in NGFtreated cells (Fig. IB) , whereas RA ( Fig. IE) induced formation of cell clusters without neurite extension. The phenotype induced by RA was similar to that caused by glucocorticoids (Fig. IC) , which induce chromaffin differentiation. The combination of NGF and RA (Fig. IF) or NGF and Dx (Fig. 1D ) produced a mixed phenotype in which part of the cell population had neurites and other formed clumps. As can be observed in Fig. 1G and H, T3 did not alter PC12 cell morphology or its response to NGF. The phenotype observed in VD-treated cells was also indistinguishable from that found in control cultures (data not shown).
RESULTS
Morphological effects of RA in PC12 cells
RA inhibits proliferation of PC12 cells
In addition to inducing formation of cell clusters, RA inhibits the division of PCI2 cells. Cell proliferation was assessed by counting the total number of cells per culture and by determining DNA synthesis after incubation with [ 3HI thyrnidine. Figure 2A shows the effect of 5 days of incubation with increasing concentrations of T3 and RA on cell number. RA produced a dose-dependent inhibition with a half-maximal effect found at~~50-100 nM. After 5 days I pM RA reduced the number of cells by approximately 75%. However, T3 did not affect cell proliferation at any of the concentrations examined.
As DNA synthesis could have continued in the presence of RA even in the absence of cell division, 11 3H Ithymidine incorporation was determined in cells incubated with increasing concentrations of RA. Figure 3A shows that RA produced a dose-dependent decrease in [3Hlthymidine incorporation in PCI2 cells. A halfmaximal effect was again found at~-~100 nM, and the effect of I pM RA was almost maximal. The highest concentration used, 10 pM, reduced incorporation of [3Hlthymidine by~70%. From these results and from those shown in Fig. 2 it can be inferred that RA inhibited cell division and DNA replication equivalently. It is well known that in addition to inducing neurite formation, NGF inhibits division of PC 12 cells. Figure  3B shows the dose dependence of this inhibition. NGF produced a maximal reduction in DNA synthesis at 50 ng/ml, and as shown in Fig. 3C , the combination of NGF plus RA did not cause a further inhibition of cell growth. T3 and VD did not affect DNA synthesis in PCI2 cells (data not shown).
Influence of RA and NGF on DNA synthesis in PC12 cells in low-serum conditions To test whether the antiproliferative effect of RA on PC 12 cells requires the presence of other serum constituents, additional studies were carried out in cells cultured with low serum (0.5%). Figure 4A shows that RA also significantly reduced [3Hjthymidine incorporation under these culture conditions. In contrast, neither T3 nor VD affected [3H]thymidine incorporation. Dx was also ineffective. It is surprising that the reduction of DNA synthesis caused by NGF in highserum conditions was no longer present when the cells were incubated with the growth factor in low-serum conditions. In fact, as it can be observed in Fig. 4B .
NGF increased incorporation to a similar extent as that produced by IF-i or EGF, both of which are known to be mitogenic for PCI2 cells. Furthermore, bFGF, which produces neurite extension in these cells, also increased [3HI thymidine incorporation in low-serum conditions. As shown in Fig. 4C , the effect in DNA synthesis produced by NGF was dose dependent, increasing by about twofold with respect to control values at 50-100 ng/ml of NGF.
Regulation of the activity of constructs containing T3/RA-responsive sequences in PC12 cells
Nuclear receptors regulate transcription by binding to short cis-acting DNA sequences named hormone CAT activity. RA also increased the activity of a reporter CAT plasmid containing other strong RA response elements, a DR of the same sequence separated by five nucleotides (DR5) or the natural RAR/32 promoter, which contains a DR5-type element, in addition, T3 was unable to increase the activity of a construct containing another T3 response element, a DR separated by four nucleotides (DR4). These results suggest the absence (or low levels) of functional thyroid hormone receptors, which could account for the lack of response of PC12 cells to T3. Figure SB also shows regulation of the construct MMTV-CAT, which contains several glucocorticoid response elements, by Dx in PC12 cells. Incubation with 100 nM Dx for 48 h produced a strong increase (>10-fold) in the activity of this construct, confirming the presence of high levels of functional glucocorticoid receptors in these cells.
FIG. 5.
Activation of reporter plasmids by thyroid hormone, RA, and glucocorticoids in P012 cells. A: The cells were transfected with 5~g of the construct L~MTV-TREPAL-CAT, which contains a common response element for thyroid hormone and retinoic acid receptors; the T3-responsive plasmid DR4-tk-CAT; or the RA-responsive constructs DR5-tk-CAT and R140-Luc. After transfection the cells were incubated with medium alone (control), 1
1.tM RA, and 5 or 100 nM T3 for 48 h, and CAT or luciferase activity was determined. B: The cells were transfected with 5~igof the glucocorticoidresponsive construct MMTV-CAT, and CAT activity was determined after 48 h of incubation with 100 nM Dx. C: The cells were cotransfected with 5~igofthe z~MTV-TREpAL-CAT plasmid plus 2.5~igof an expression vector for the a form of the RA receptor (RAR) or the a form of the TR cerbA, alone or in combination with 0.5 jig of an expression vector for the retinoid X receptor RXRa. The amount of DNA was kept constant among the different transfections by cotransfection of the reporter plasmid with the appropriate amounts of an empty expression vector (RSV-0). After transfection the cells were incubated with the corresponding ligand (1 jiM RA and 5 nM T3, respectively), and CAT activity was determined. The data, which are expressed as fold induction over the values found in control untreated cells, represent the mean of two separate experiments with <10% variation.
FIG. 6. Effect of RA on p 75LNGFR
and trk mRNA levels. The upper panels show representative northern blots of 30 jig of total RNA from P012 coIls treated with or without [control(C)] 1 jiM RA for 48 h in medium containing 15% or 0.5% serum. The RNA was hybridized with specific cDNA probes for p75 LN4GFR The influence of overexpression of T3 and RA receptors on the transcriptional response to their corresponding ligands is shown in Fig. SC . After transfection with an expression vector for RARa, the response of L~MTV-TREPAL-CATto RA was increased markedly, from two-to eightfold, relative to the values obtained with the endogenous receptors showing that RA receptors are present in limiting concentrations in PC12 cells. Although CAT activity was not affected by T3 in control transfections, a threefold increase was observed after incubation with T3 in cells transfected with the receptor TRet. Recent evidence has shown that the retinoid receptor RXR can heterodimerize with TRs and RARs and that heterodimerization enhances affinity for the responseelements. Figure SC shows the influence of transfection with RXRa on the response to T3 and RA. Unexpectedly, the response to RA was lower in PCI2 cells transfected with the combination of RAR and RXR than in cells transfected with RAR alone. Similarly, the response to T3 was significantly decreased in cells overexpressing RXR together with TR.
Influence of RA, NGF, and Dx on trk, p75 LNGFR, and TH mRNA levels Figure 6 illustrates the effect of RA on the expression of the genes encoding the NGF receptors (the trk protooncogene and the low-affinity receptor p75LNGFR) In the presence of 15% serum RA caused a significant increase of p75 LNGFR mRNA levels (Fig.  6A ) without altering trk expression (Fig. 6B) . The increase in p75 LNGFR mRNA content was already maximal after 8 h of incubation and was maintained for at least 48 h (Fig. 6C) . However, RA did not alter the abundance of~75 LNGFR mRNA at any of the periods examined in low serum (Fig. 6C) . The effect of NGF was very similar to that caused by the retinoid. NGF increased the level of p75 LNGFR transcripts only in cells grown in the presence of 15% serum (Fig. 7) with similar kinetics and to a similar extent to that shown by RA. Figure 8 (left panel) compares the influence of a 48-h incubation with RA, NGF, or Dx, under both serum conditions, on~~/5LNGFR mRNA. Whereas RA, NGF, or the combination of both increased levels of this transcript in high serum, incubation with Dx did not regulate the level of this mRNA. Furthermore, the glucocorticoid produced a significant decrease in p75 LNOFR mRNA levels in cells grown in low-serum conditions. However, none of these compounds regulated trk expression (Fig. 8, right panel) . Neither T3 nor VD affected~'751.NGFR or trk mRNA levels (data not shown).
TH catalyzes an early and limiting step in the biosynthesis of catecholamines. Although this enzyme is expressed in both the neuronal and endocrine derivatives of the sympathoadrenal lineage, glucocorticoid induction of TH is considered to be the best biochemical marker of chromaffin differentiation. However, as shown in Fig. 9A , NGF also produced an increase in TH mRNA expression in PCI2 cells. This increase was transient, being maximal after 8-16 hand decreasing to values even lower than the basal levels after a 48-h incubation. The influence of RA on TH gene expression was again similar to that found with NGF.
.1. Nc'urochem., Vol. 66, No. 1, /996 RA transiently increased TH mRNA levels with a maximal induction at 16 h and then a decrease below control values after 48 h of incubation with the retinoid. Figure 9A also shows that the combined effect of NGF and RA at 8 h of incubation was synergistic and that under these conditions TH mRNA levels increased by a factor of four-to fivefold. However, as shown in Fig.   9B , the decrease caused after 48 h of incubation with RA was similar in the presence or absence of NGF. Figure 9B also illustrates that glucocorticoids induced a sustained increase of TH mRNA levels. After incubation with Dx for 48 h, the content of this transcript was elevated above control levels. The combination of Dx with NGF or RA did not significantly alter the response to the glucocorticoid. Neither T3 (Fig. 9C) nor VD (data not shown) affected TH mRNA levels. 
FIG. 8.
Comparison ofthe effect of glucocorticoids, NGF, and RA on p75 LNGFR and trk mRNA. Total RNA was extracted from control P012 cells and from cells incubated for 48 h with 1 pM RA, 50 ng/ml of NGF, the combination of both (RA + NGF), or 100 nM Dx in medium with 15% (.)and 0.5% (0) serum. p75 LNGFR (left panel) and trk (right panel) mRNA levels were quantified as described in show that the antiproliferative effects of RA were observed even in low-serum culture conditions that are restrictive for proliferation. Confirming previous observations (Greene and Tischler, 1976) , NGF-induced differentiation of PC 12 cells was also characterized by arrested cell growth in the presence of high serum, but we also find an increase rather than a decrease in DNA synthesis in PCI2 cells incubated for 2 days with NGF under low-serum conditions. The cells that showed increased DNA synthesis also underwent morphological differentiation with neurite extension. This finding, which had not been previously reported for PC12 cells, agrees with the observation that NGF has both mitogenie and antimitogenic activity in the PC12 variant sublines U2 and U7 (Burstein and Greene, 1982) and with the recent description that rat chromaffin cells in vitro show a large proliferative response to NGF followed by neuronal differentiation (Tischler et al., 1993) .
RA effects in cells are mediated by nuclear receptors that are very similar to T3 and VD receptors. Both T3 and VD play an important role in growth and developmental processes and regulate proliferation and differentiation of many cell types. In particular, T3 plays a crucial role in neural development as exemplified by the fact that thyroid hormone deprivation during development leads to brain damage (Dussault and Rouel, 1987) . However, in contrast with the observed effects of RA, neither T3 nor VD altered PC 12 cell proliferation or differentiation. The nuclear receptors regulate gene expression by binding to cis-acting sequences and increasing or decreasing transcription (for recent reviews, see Lazar, 1993; Guiguère, 1994) . Hormone response elements have been identified in several genes and consist in palindromic or DRs of the consensus sequence AGGTCA. A DR5 acts as an RA response element, a DR4 as a T3 response element, and a DR3 as a vitamin D3 response element (Umesono et al., 1991) . The close similarity among RA, T3, and VD receptors makes it possible that some of these DNA motifs can act as a common response element for more than one receptor. This is the case with the palindromic element that confers regulation to the MMTV promoter by T3 and RA (Umesono et al., 1988) . We observed that RA, but not T3, increased the activity of this promoter in PC12 cells. In addition, we found stimulation of DR5 elements by RA in PC12 cells, whereas a DR4 element is not stimulated by T3 even at high ligand concentrations. We also observed an increase in the regulation by RA when the levels of RAR were elevated, showing that these receptors are present in limiting amounts in these cells. Furthermore, we found transcriptional regulation by T3 when the concentrations of TRer were increased in PC 12 cells. This result suggests that the nonresponsiveness to T3 may in fact be due to the low level of endogenous thyroid hormone receptors in these cells. This is strongly supported by the finding that stable overexpression of the TRer gene in PC12 cells using a retroviral vector regulates NGFdependent differentiation in a T3-dependent fashion (Muñdz et al., 1993) .
Recent results have shown that heterodimerization with RXR can increase affinity of RARs and TRs to the palindromic hormone response element and increase the effectiveness of the corresponding ligands (GarcIa-Villalba et al., 1993) . However, we observed a significant reduction in the response to T3 and RA when RXR was overexpressed in PCI2 cells in combination with either TR or RAR. This suggests that the endogenous RXR receptors were in an optimal concentration and that overexpression of these receptors leads to squelching of nuclear factors that are needed for maximal transcription rates. Alternatively, an excess of RXR could lead to the formation of RXR homodimers, which could displace the more active heterodimers from the DNA element. Two classes of NGF receptors have been identified (Johnson et al., 1986; Klein et al., 1991) . Although the specific roles of the low-and high-affinity NGF receptors have not yet been totally elucidated Klein et al., 1991) , both p75 LNGFR and irk are likely to be important components of the NGF signal transduction pathway. In agreement with a recent report (Scheibe and Wagner, 1992 ), we find that the level of p75 LNGFR mRNA was increased by RA in PC 12 cells grown in the presenceof 15% serum.
In addition, we demonstrate here that this effect of the retinoid does not occur in low-serum conditions, suggesting that other serum constituents are required for this regulation. In contrast with data obtained in chick sympathetic neurons (Rodriguez-Tebar and Rohrer, 1991) , the abundance of trk transcripts was not altered by RA in PCI2 cells. The increase in the expression of the~'75LNGFR gene, which encodes a common low-affinity receptor for the different neurotrophins, indicates a possible role of RA in increasing the responsiveness not only to NGF (Hantzopoulos et al., 1994) , but also to other neurotrophins during neuronal differentiation.
An increase in its own low-affinity receptor expression by NGF had been previously reported (Doherty et al., 1988; Miller et al., 1991) . Our data show that RA closely mimicked the effect of NGF on p75 LNGFR gene expression. Both the time course and the extent of the induction caused by NGF and RA were identical. However, we and others (Yakovlev et al., 1990 ) observe a decrease rather than an increase in number of low-affinity NGF receptors after incubation with Dx, which directs PC 12 cells toward a chromaffin differentiation pathway. Therefore, RA and NGF caused a similar effect on p75 LNGFR gene expression, and this effect was different from that produced by glucocorticoids.
The TH gene, whose product is the enzyme that catalyzes the rate-limiting step in catecholamine biosynthesis, plays an important role in the function of cells of the sympathoadrenal lineage. An increase in TH content is normally considered to be a good marker for chromaffin differentiation of PC12 cells. Previous studies have shown that long exposure times of PC12 cells to NGF decrease TH enzyme activity (Greene and Tischler, 1976) . However, more recent work has shown an earlier induction of TH gene expression by NGF (Leonard et al., 1987) . Our results show that there was first a transient increase of TH mRNA level at 8-16 h of treatment with NGF, followed by a longer-term decrease relative to control levels. RA also mimicked the effects of NGF on the expression of the TH gene in PC12 cells and had a biphasic effect on TH mRNA levels.
In contrast to NGF and RA, for which TH mRNA induction is transient, the effect of glucocorticoids on TH gene expression is more sustained (Lewis et al., 1983) . Thus, after 2 days of treatment, when the TH mRNA content was significantly higher in Dx-treated than in control cells, the level of this mRNA was reduced in RA-and NGF-treated cells.
Induction of c-fos and probably other immediate early genes appears to contribute to the NGF-induced transcription of the TH gene (Gizang-Ginsberg and Ziff, 1994) . It is still not known whether Fos plays any role in the regulation by RA or Dx.
Several neuroblastomas differentiate into cells that are biochemically and electrophysiologically similar to neurons with neurite extension in the presence of RA (Haussler et al., 1983; Kaplan et al., 1993) . However, the retinoid caused cell clustering (similar to that induced by glucocorticoids) without neurite outgrowth in PC12 cells. Our results suggest that cell aggregation cannot be considered as a marker of chromaffin differentiation in PC12 cells because RA-treated cells do not present a phenotype biochemically chromaffin-like. This is confirmed by the finding that in the PC12 subclone U7, Dx does not produce cell clumping but regulates gene expression in a manner identical to that obtained in the parental cells (J.M.C. and A.A., unpublished data). Therefore, formation of cell aggregates could reflect a change in cell-to-cell contacts independent of differentiation.
The finding that RA mimicks the effect of NGF on p75 LNGFR and TH gene expression supports the idea that the retinoid could initiate a program of neuronal differentiation in PC12 cells by blocking cell proliferation and regulating transcription of a set of genes also controlled by the neurotrophin. The expression of a fully neuronalphenotype with neurite extension in RAtreated cells could depend on the interaction with other signaling pathways. This is strongly supported by the finding that in protein kinase A-deficient PC 12 cells RA induces a program of differentiation that is similar to that induced by NGF with neurite outgrowth (Scheibe et al., 1991) .
In this work we have demonstrated the important role of RA on the growth, differentiation, and function of pheochromocytoma cells. In the future it will be important to determine the role of the retinoid on the in vivo development of the adrenal medulla and neuronal progenitors as well as the interaction with neurotrophic factors in the signaling of neural crest cell differentiation.
